High-affinity insulin receptors exist in the organ of Corti (Kd = l.lkO.5 nM) and in the lateral wall (stria vascularis and ligamentum spirale; K, = 1.1+0.4 nM) of the inner ear of the guinea pig as determined by the binding of radiolabeled porcine or bovine insulin in vitro. Carrier-mediated transport of glucose (defined as the cytochalasin B-sensitive part of total uptake) was measured in vitro with 2-deoxy-D-glucose as the substrate. Its K,was 188 PM in the organ of Corti, and 41 PM in the lateral wall (r = 0.99 and 0.94, respectively).
Neither the K, nor the rates of transport (0.2OkO.10 pmol/pg protein/hr in the organ of Corti, and 0.56+0.34 pmol/ng protein/hr in the lateral wall) were affected by insulin. In contrast, 0.1 mM ouabain decreased deoxyglucose uptake in the organ of Corti by 37% and in the lateral wall tissues by 45% indicating the presence of an active, Na+-dependent transporter in these tissues. Insulin influenced both protein and lipid metabolism in the inner ear. Proteins and lipids were labeled in situ by perfusion of the perilymphatic space of the cochlea with (Baly and Horuk, 1988; Olefsky, 1985: Widdas, 1988) . Energy metabolism has long been a target of investigations in the auditory and vestibular systems (Thalmann, 1971) but little is known about its regulation and the role that insulin might play. We have previously studied the response of glucose metabolism to acoustic stimulation in the cochlea and the brain stem of the mouse and the gerbil (Canlon and Schacht, 1983; Canlon et al., 1984) . In the present study, we investigated basic features of cochlear metabolism by characterizing the insulin receptor and the actions of insulin on glucose transport and protein synthesis. Furthermore, following our interest in the role of phospholipids in the inner ear (Orsulakova et al., 1976; Schacht and Zenner, 1987; Ono and Schacht, 1989) we determined the effects of insulin on phospholipid metabolism in order to investigate the possible involvement of transmembrane signaling systems in the cochlear actions of this hormone.
Materials and Methods
The insulin receptor was assayed by the specific binding of '251-labelled insulin to tissue homogenates (Cuatrecasas, 1971) The protein content in the well was determined with the Bradford protein assay (Bio RAD, Richmond, CA).
Glucose uptake
Sections of the organ of Corti and lateral wall tissues (l/4 to l/2 of the cochlear content of each tissue corresponding to 5 to 20 pg protein for organ of Corti, and 20 to 35 pg for the lateral wall) were pre-incubated for 10 min at 37°C in 50 ~1 of Krebs-Ringer bicarbonate buffer with 1% bovine serum albumin and varying concentrations of unlabeled deoxyglucose in the absence and presence of insulin (Kuroda et al., 1987 by placing the tube in an ice bath and adding 600 ~1 of cold buffer. After centrifugation at 12,000 x g for 3 min the supernatant was aspirated and the pellet quickly washed with 700 pl of cold buffer. The pellet was solubilized in 10 ~1 of 1 N NaOH and subsequently 90 ~1 of H,O were added. Forty-five ~1 each were taken to count radioactivity and to quantify protein. Nontransport mediated deoxyglucose uptake was determined in the presence of 60 PM cytochalasin B. The transport-mediated uptake of deoxyglucose was defined as the difference between total uptake and that in the presence of cytochalasin B. Perilymphatic perfusions were performed on guinea pigs (200-300 g) displaying a positive Preyer hearing reflex. The procedure was essentially as described by Bobbin and Konishi (1974) and Nuttall et al. (1982) . Animals were anesthetized with 20 mg sodium pentobarbital/kg bodyweight injected intraperitoneally and 0.5 ml Innovar (0.2 mg fentanyl and 10 mg drope~dol)/kg injected intramuscularly.
Artificial respiration was provided through a tracheal cannula and body temperature was maintained at 37°C with a heating pad. The left auditory bulla was opened via a standard ventral approach and the cochlea was exposed. The cochlear microphonic potential (CM) was recorded from the round window by a wire electrode prior to and during the perfusion. Two holes were drilled in the cochlea: the first was located in the Scala tympani of the basal turn and the second in the Scala vestibuli of the apical turn. A glass capillary inserted into the first hole was connected to a peristaltic pump via plastic tubing. A degassed solution of artificial perilymph (130 mM NaCl, 1 mM CaCl,, 2 mM MgCl,, 8.2 mM KCl, 10 mM NaHCO,, 5 mM glucose, 0.1 mM NaH,PO,, and 10 mM HEPES (N-2-hydroxyethylpiperazine N'-2-ethanesulfonic acid), pH 7.4) with or without 30 nM bovine or porcine insulin, as indicated, was pre-filled into the capillary and perfused from base to apex. The perfusion was terminated by an injection of 0.4 ml of 2% glutaraldehyde plus 4% formaldehyde into the cochlea via the round window. The temporal bone was removed and kept in glutaraldehyde/formaldehyde solution until tissues were dissected.
Protein synthesis

3H-leucine
(100 pCi/ml [2.3.4.5-3H]-leucine, ICN Radiochemicals, Irvine, CA) was added to the perfusate as the radioactive precursor for 1 h following a 15 min perfusion without radioactivity. After fixation and dissection as described above, the tissues were homogenized in 300 ~1 of 10% aqueous trichloroacetic acid (TCA) and the homogenate was centrifuged at 12,000 x g for 1 min. The precipitate was washed twice with 10% TCA and once with ether and then solubilized in 20 ~1 of 5 N NaOH by heating in a boiling water bath for several minutes. Four hundred ~1 of 0.25 N acetic acid were added; 200 ~1 of the solution was taken for counting radioactivity and 100 ~1 for measuring protein. 
Results
Insulin receptors
Insulin receptors could be demonstrated in the lateral wall tissues and the organ of Corti (Table  I) and their kinetic parameters were essentially similar for both tissues. The dissociation constants in the low nanomolar range indicated the presence of a high affinity receptor and the binding capacity in these crude homogenates was also similar for both tissues. A low affinity binding site became apparent at higher insulin concentrations in the assay but its parameters were not quantified.
Deoxyglucose transport
The total uptake of deoxy-D-glucose increased with time for 1 h in the lateral wall tissues and for 30 min in the organ of Corti (Fig. 1) . The fraction of non-transport-mediated uptake determined in the presence of cytochalasin B showed a similar linearity with time and comprised between 20 and 70% of the total uptake depending on the tissue and time of incubation.
The active component of the transport had a somewhat higher affinity for glucose and a somewhat smaller V,,, in the lateral wall tissues than in the organ of Corti (Table II) .
The effect of insulin and ouabain on deoxyglucose transport
The effect of insulin was determined at a deoxyglucose concentration of 100 PM. At this con- centration, the rate of active transport was essentially unaffected in both the lateral wall tissues and the organ of Corti by 10 to 100 nM insulin (Table III) , concentrations sufficient to stimulate glucose uptake maximally in other tissues (Draznin et al., 1988) .
In contrast to insulin, the Na+/K+-ATPase inhibitor ouabain affected deoxyglucose uptake in both the organ of Corti and lateral wall tissues. Deoxyglucose uptake in the presence of 0.1 mM ouabain was decreased by 37% in the organ of Corti and by 44% in the lateral wall tissues (Table  III) . Additionally, glucose transport was assessed in animals that had been food-deprived for 24 h. Blood glucose concentration dropped significantly from 2.0 + 0.6 mg/ml in guinea pigs fed ad libiturn to 1.4 k 0.1 mg/ml (P < 0.05). Deoxyglucose transport in the organ of Corti of food-deprived guinea pigs, however. remained essentially unchanged ( Fig. 2A) and transport in the lateral wall increased only at higher glucose concentrations (Fig. 2B ). in the absence and presence of insulin or ouabain as described in 'Methods'. 'Glucose transport' represents specific (cytochalasin-sensitive) uptake in experiment 1. and total uptake in experiment 2. Values are means _t SD of six to eight determinations. * 0.04 i P < 0.05: * * P < 0.005.
The effect of insulin on protein synthesis
Insulin stimulated the incorporation of 3H-leucine into proteins in the organ of Corti but not the lateral wall (Table IV) . In the organ of Corti the rate of incorporation increased by 45% in the presence of 30 nM bovine insulin (P < 0.06) while the effect in the lateral wall tissues was not significant. A parallel set of experiments with porcine insulin showed essentially the same trend: incorporation into the organ of Corti was elevated (although somewhat less than by bovine insulin) to 45.6 + 19.7 fmol/pg protein, while incorpora- tion in the lateral wall tissues (39.5 + 6.6 fmol/pg protein) was practically identical to that in the presence of bovine insulin. The differential effect of insulin on protein synthesis in the two tissues was even more clearly evident when the ratio of [3H]-leucine incorporation in the organ of Corti was compared to that in the lateral wall tissue of the same animals.
This ratio increased significantly by 50% in the presence of insulin (P < 0.01; Table IV ).
The effect of insulin on labeling of phospholipids
Following perilymphatic perfusions with [32P]-orthophosphate the polyphosphoinositides, phosphatidylinositol 4-phosphate and phosphatidylinositol 4,5_bisphosphate, were the most highly labeled lipids in both tissues (Table V) . They comprised 78% and 64% of the total labeled lipids in the organ of Corti and the lateral wall tissues, respectively. Phosphatidic acid and phosphatidylinositol were the only other lipids incorporating a significant amount of Pi. With 3H-glycerol as precursor, neutral lipids (comprising di-and triglycerides), phosphatidylinositol, phosphatidylcholine and phosphatidylethanolamine (determined together), and phosphatidate were the major labeled products (Table VI) while the polyphosphoinositides did not contain appreciable amounts of radioactivity. These results on lipid labeling are in good agreement with earlier studies (Stockhorst and Schacht, 1977; Tachibana et al., 1983) . The presence of 30 nM bovine insulin in the perfusate significantly increased Pi-incorporation into phospholipids in the organ of Corti by 101% to 149% and a similar trend was observed in the lateral wall tissues with increases ranging from 52% to 83% (Table V) . Labeling from 3H-glycerol also tended to increase in all lipids in the presence of insulin with the exception of the phosphatidylcholine fraction in which insulin actually induced a loss of labeling in the organ of Corti (Table VI) .
Discussion
The salient finding of this study is that insulin does not regulate glucose uptake in the organ of Corti and the tissues of the lateral wall of the Perilymphatic perfusions were performed with 'H-glycerol (200 pCi/ml) as described in 'Methods'. Values are meansf SD of five experiments. Abbreviations: NL = neutral lipids; PtdCho = phosphatidylcholine; PtdEth = phosphatidylethanolamine; for others see Table 5 . guinea pig. It influences, however, protein and phospholipid metabolism in these tissues. The insulin receptors in the inner ear appear similar in their ability to bind insulin, and the observed K, of 1.1 nM is of the same magnitude as measured for insulin receptors in other tissues, e.g. 1.9 nM in human adipocytes (Olefsky et al., 1974) . In contrast, the kinetics of glucose uptake differ between lateral wall tissues and the organ of Corti with the latter showing a four-fold higher K, for glucose. Both K, are considerably lower than those reported for brain (9 mM), kidney (5 mM) or other tissues where values usually are in the low millimolar range (Baly and Horuk, 1988) . This can be interpreted as an ability of the inner ear tissues to saturate their transport systems already at glucose concentrations lower than normally found in serum or perilymph.
One problem associated with measuring the transport rate of glucose is the fact that subsequent metabolism of glucose may affect the observed rate. This influence can be minimized with the use of non-metabolized analogs of glucose which more specifically reflect uptake. 2-Deoxyglucose for which we report data here and 3-0-methylglucose are such widely used analogues. While 2-deoxyglucose is still a substrate for hexokinase, 3-0-methylglucose is not. However, in a preliminary series of experiments with ['HI-3-0-methylglucose (data not shown) we obtained similar values for glucose transport in the lateral wall tissues.
In animal tissues glucose is transported by a variety of mechanisms depending on the type of cell. Both active (energy-dependent) and passive (driven only by the glucose gradient) transport systems have been characterized, sometimes both in the same type of cell. Cytochalasin B distinguishes a specific carrier-mediated transport (facilitated diffusion) from a simple diffusion process by inhibiting the glucose carrier. Such cytochalasin-sensitive transport is present in the inner ear tissues. The reduction of glucose uptake by the Na+/K+-ATPase inhibitor ouabain additionally indicates that the glucose transporter in the inner ear tissues is also at least partially an active, Na+-dependent transporter. This means that inner ear tissues can perform an "uphill" transport of glucose against a concentration gradient, i.e. they are capable of extracting glucose from the surrounding fluids.
Carrier-mediated glucose uptake seems to exhibit at least two distinct forms. These can be distinguished by their response to glucose-deprivation which has been shown to lead to cell-specific alterations of glucose transport in vivo and in tissue culture.
Hypoglycemic conditions significantly increase the number of glucose-transporters in adipocytes and brain tissues in vivo as well as in rat brain glial cultures in vitro. In contrast, rat brain neuronal cultures showed only a small change in glucose transport (Walker et al., 1988) . Organ of Corti and lateral wall appear to differ in their response to glucose-deprivation:
there is no effect on transport in the organ of Corti but a significant increase in stria vascularis. It is thus interesting to speculate about a "neuronal-type" transport in the organ of Corti and a "glial-type" transport in the lateral wall tissues.
In several body tissues glucose transport across the plasma membrane is under acute control of insulin which increases the transport rate (V,,,,,) presumably by increasing the number of functional transporter molecules. Neither' glucose uptake in the organ of Corti nor in the tissues of the lateral wall is responsive to insulin. A lack of hormonal regulation implies that glucose transport in the inner ear tissues is not a rate-limiting process in energy metabolism.
For a consideration of diabetes mellitus, our results suggest that glucose metabolism in the inner ear is not a direct target of an insulin deficiency.
This appears consistent with the fact that pathology in general and metabolic disturbances in particular are subtle if at all present in the inner ear in the diabetic state (Horoupian, 1988; Morrison and Booth, 1988) . Other primary metabolic targets seem therefore more likely if indeed a causal relationship exists between diabetes and hearing disorders.
In contrast to its lack of effect on glucose transport, insulin increases the turnover of proteins and lipids in the inner ear. The hormone-enhanced protein synthesis as measured by the incorporation of a radiolabelled amino acid may reflect an increase of the metabolic rate of the tissue since the induction of synthesis of specific proteins should require a longer time course of insulin action. Such activation of anabolic processes is one of the well-documented actions of insulin. Acute effects on protein synthesis may occur through regulation of peptide-chain initiation although other steps in protein synthesis may also be the target (Kimball and Jefferson, 1988; Miller 1988) . This response to insulin was observed in the organ of Corti but not in the lateral wall. Consistent with the results of the glucose-deprivation experiment and the lipid labelling, this finding points to differential effects of the hormone on the organ of Corti and the tissues of the lateral wall.
Both organ of Corti and the lateral wall tissues show the metabolic response of phospholipid metabolism to insulin albeit the latter to a lesser extent. Radioactive labeling of phospholipids can be increased either by de-novo synthesis or by accelerating their hydrolysis and thus their turnover (Friedman et al., 198.5; Farese et al., 1986; Augert and Exton 1988) . While an activation of de-novo metabolism may be a reflection of an increased metabolic rate of the tissue, the latter type of action would imply phospholipids in the transmembrane signaling process for this hormone presumably through an activation of phospholip2 ase C. The fact that the incorporation not only of P, but also of 'H-glycerol into most lipids shows a trend towards stimulation indicates a contribution of de-novo synthesis to the observed lipid labeling effect. This result also argues against the possibility that the increase in 32P-lipids is simply a consequence of an increase in the specific radioactivity of the precursor, [y-"'P]ATP.
It is interesting to consider that insulin receptors in the inner ear may be coupled to transmembrane signaling systems. In the case of insulin action, a phosphatidylinositol-glycan has been suggested as a substrate of a phospholipase C (Romero et al., 1988) but this specific possibility was not investigated in our study. A very similar response of 32Pi-incorporation to insulin as the one described here has been observed in rat epididymal fat pads (Farese et al., 1986) where the hormone activates phospholipid-based second messenger systems. In addition, the stimulation of de-novo synthesis of phosphatidic acid has been reported as part of a triad of insulin actions on phospholipid metabolism which additionally includes the increased hydrolysis of phosphatidylcholine (Farese et al., 1984; Farese, 1988) . It is intriguing that we observe both an increased synthesis of phosphatidic acid and a reduction of glycerol incorporation into phosphatidylcholine with insulin in the organ of Corti. The effect is less conspicuous in the lateral wall tissues altough the trend is similar. The combined evidence is thus consistent with the interpretation that a phospholipid-based transmembrane signaling system mediates the effects of insulin on inner ear tissues. alters deoxyglucose uptake in the mouse cochlea and inferior colliculus. Hear. 
